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Tau is a central player in different tauopathies[1](#anie201805238-bib-0001){ref-type="ref"} and is intimately involved in Alzheimer\'s disease (AD) by forming neurofibrillary tangles (NFTs), mainly consisting of hyperphosphorylated Tau.[2](#anie201805238-bib-0002){ref-type="ref"} The latter results from kinase/phosphatase dysregulation[3](#anie201805238-bib-0003){ref-type="ref"} and this process is thought to induce the release of abnormally phosphorylated Tau from microtubules and initiates Tau dimerization. This predisposes Tau to form larger oligomers, paired helical filaments (PHFs), and then NFTs. As an intrinsically disordered protein (IDP), with six isoforms found in humans,[4](#anie201805238-bib-0004){ref-type="ref"} biological functions of Tau are regulated by interactions with other biomolecules and are linked to four regions of the protein (Scheme [1](#anie201805238-fig-5001){ref-type="fig"}).[5](#anie201805238-bib-0005){ref-type="ref"} Upon binding to microtubules and tubulin polymerization the microtubule‐binding region (MTBR) and the proline‐rich region (PRR) of Tau become more structured, but the N‐terminal region (NTR) and C‐terminal region (CTR) remain flexible.[6](#anie201805238-bib-0006){ref-type="ref"} Many mutations of Tau have been linked to the development of neurodegenerative diseases, as have a large set of posttranslational modifications (PTMs) ranging from truncations to phosphorylation, glycosylation, glycation, and others.[7](#anie201805238-bib-0007){ref-type="ref"} These PTMs occur throughout the protein, but those located within the MTBR are most relevant for tubulin binding and stabilization of microtubules.[8](#anie201805238-bib-0008){ref-type="ref"}

![Semisynthetic scheme for introducing modifications in the MTBR between aa 291 and 321 in Tau4. A) Blue and red letters indicate modification sites and green letters show native cysteine residues for NCL. Three modifications were separately incorporated into TauM. B) Two ligation steps lead to semisynthetic Tau4 variants with different (n)PTMs. The SEA linker on TauM can be switched off to allow assembly from N‐ to C‐ as well as from C‐ to N‐terminus.](ANIE-58-1616-g003){#anie201805238-fig-5001}

Furthermore, non‐enzymatic PTMs (nPTMs) have been identified on pathological Tau (NFTs), such as carboxymethylation of lysine side chains.[9](#anie201805238-bib-0009){ref-type="ref"} However, no clear pattern of the effect of single phosphorylations or glycations within the MTBR has been identified yet, mainly due to the lack of homogeneously, site‐selectively modified Tau. Various strategies to generate Tau proteins with PTMs, or mimics thereof, have been pursued, including simple mutations to glutamic acid, enzymatic phosphorylations that have led to inhomogeneous Tau variants, as well as more complex semisynthesis strategies.[10](#anie201805238-bib-0010){ref-type="ref"} Semisynthesis approaches have so far mostly targeted modifications within the C‐terminal domain of Tau.[11](#anie201805238-bib-0011){ref-type="ref"} A recent, more elaborate semisynthesis of the longest Tau variant (Tau4, 441 aa) by the Lashuel group covers amino acids 246 to 441 by linking 4 synthetic peptide segments through convergent native chemical ligation (NCL) steps and provides access to four PTMs (AcK280, pY310, pS396, and pS404).[11c](#anie201805238-bib-0011c){ref-type="ref"} Here, we establish a strategy that allows the site‐selective incorporation of modifications into the MTBR (aa 291--321) of Tau4 by taking advantage of the two native cysteines in the longest Tau variant. This strategy facilitates a 3‐segment semisynthesis, without any sequence manipulations (Scheme [1](#anie201805238-fig-5001){ref-type="fig"}).

Within the synthetic segment (aa 291--321, TauM), two serine phosphorylations were incorporated in position 293 (part of a KXGS motif crucial for binding to MTs) and in position 305 (frequently found in AD patient brains).[1b](#anie201805238-bib-0001b){ref-type="ref"}, [7e](#anie201805238-bib-0007e){ref-type="ref"}

To study carboxymethylation on lysine, the most abundant advanced glycation end product (AGE) in vivo,[9b](#anie201805238-bib-0009b){ref-type="ref"} and a modification that has been repeatedly found on Tau isolated from NFTs, but that can neither be generated by enzymes nor mimicked by a natural mutation,[7d](#anie201805238-bib-0007d){ref-type="ref"} lysine residue 294 was selected, which has been recently reported as a major target for acetylation and is located in the R2 repeat of the MTBR.[12](#anie201805238-bib-0012){ref-type="ref"} Carboxymethylation is quite similar in size to acetylation but generates a different electrostatic environment with a negatively charged carboxyl group in close proximity to a positively charged secondary amine and has been described to interfere with tubulin association of Tau.[9](#anie201805238-bib-0009){ref-type="ref"}, [12](#anie201805238-bib-0012){ref-type="ref"}

To obtain modified semisynthetic Tau4, the C‐terminal Tau segment (TauC, aa 322--441, Scheme [1](#anie201805238-fig-5001){ref-type="fig"}) was cloned into a pET28a vector containing an N‐terminal hexahistidine tag (His6‐tag) and a tobacco etch virus (TEV) protease cleavage site. TauC bearing an N‐terminal cysteine residue was obtained with a yield of 2 mg L^−1^ of culture after optimized expression in *E. coli*. LC‐MS analysis confirmed the presence and sufficient purity of TauC (Supporting Information, Figure S1). The N‐terminal Tau segment (TauN, aa 1--290) fused to an Mxe GyrA intein and a chitin‐binding domain (CBD) was also obtained by *E. coli* expression using a pTWIN1 vector. TauN‐α‐thioester was released by incubation with 200 m[m]{.smallcaps} mercaptoethanesulfonate (MESNa) at pH 7.5 for 48 hours and obtained in 1 mg L^−1^ yield (Supporting Information, Figure S2). To take full advantage of the flexibility of our semisynthesis strategy, synthetic TauM peptides were equipped with controllable N‐ and C‐terminal functional groups for ligation, allowing the attachment of TauN and TauC segments in any order.

A bis(2‐sulfanylethyl)amido (SEA) linker produced TauM peptides with a C‐terminal thioester precursor that can be inactivated by forming an intramolecular disulfide (SEA^off^).[13](#anie201805238-bib-0013){ref-type="ref"} N‐terminal protection was initially achieved with [l]{.smallcaps}‐thiazolidine‐4‐carboxylic acid (Thz) but subsequently switched to acetamidomethyl (Acm)‐protected cysteine for stability reasons (see below). Phosphorylated serine residues (pS) were incorporated into TauM as Fmoc‐Ser(PO(OBzl)OH)‐OH (Supporting Information, Figures S3--5). To generate the nPTM on lysine 294, alkylation with bromoacetic acid t‐butyl ester was used. This reaction gave a mixture of unmodified, mono‐, double‐, and triple‐alkylated lysine 294. The best results were obtained when treating resin‐bound TauM peptide with 0.8 equiv. of bromoacetic acid t‐butyl ester and 1.8 equiv. of DIEA at 4 °C overnight (Supporting Information, Figures S6 and S7). Separation from non‐ and over‐alkylated peptides was possible by HPLC but resulted in only 1 % overall yield, compared to 6--18 % for other TauM peptides. HPLC analysis of purified TauM peptides always showed two peaks due to the isomers generated by the SEA‐amide/thioester equilibrium on the C‐terminus (Scheme [1](#anie201805238-fig-5001){ref-type="fig"} B).[14](#anie201805238-bib-0014){ref-type="ref"}

Assembly of full length Tau4 was explored from both directions, but the reaction of unmodified TauM carrying a C‐terminal SEA^off^ with TauN‐thioester produced only trace amounts of product after 24 h. We found no evidence that the inactivation of the SEA moiety and the simultaneous Thz deprotection by treatment with I~2~ caused this low reaction yield. C‐to‐N assembly with TauC and N‐terminally protected TauM resulted in much better yields after 48 h (Figure [1](#anie201805238-fig-0001){ref-type="fig"} A).[15](#anie201805238-bib-0015){ref-type="ref"} The N‐terminal protecting group was subsequently removed by treatment with *N*‐methylhydroxylamine (for the Thz group[16](#anie201805238-bib-0016){ref-type="ref"}) or with AgOAc in acetic acid/water (for the Acm group[17](#anie201805238-bib-0017){ref-type="ref"}). All four variants of deprotected Tau291--441 were obtained in high purity and in yields of isolated product of between 31 and 60 % (Supporting Information, Figure S8). The second ligation reaction of Tau291--441 with TauN gave 70 % conversion after 4 h at 37 °C (Figure [1](#anie201805238-fig-0001){ref-type="fig"} B). All Tau variants were isolated in yields of 11--28 % over both steps, corresponding to 1.5 to 2.8 mg of protein (Supporting Information, Figure S9). However, the final products generated with Thz‐protected TauM segments showed a low intensity band at slightly higher molecular weight in SDS‐PAGE (Supporting Information, Figure S10) that could be identified by MS analysis as Tau4 containing an additional TauM segment. Partial removal of the Thz‐protecting group during the long 48 h ligation reaction, due to the presence of bis(2‐sulfanylethyl)amine released from TauM with a C‐terminal SEA group, is most likely the reason for this double incorporation of TauM. The SEA moiety can form a thiazolidine and compete with the N‐terminal protection of TauM.[13b](#anie201805238-bib-0013b){ref-type="ref"} As this side product could not be separated from Tau4, a switch in the N‐terminal cysteine protecting group from Thz to Acm was necessary. With Acm‐protection, no undesired side‐products were observed in any of the four Tau4 variants generated here: Tau4, Tau4 \[pS293\], Tau4 \[p305\], and Tau \[CML294\] (Figure [2](#anie201805238-fig-0002){ref-type="fig"} A, S11). With these variants in hand, the effect of (n)PTMs on aggregation and tubulin binding was analyzed. As Tau is an IDP, no folding steps were required.

![Semisynthesis of Tau4 \[CML294\]. A) First NCL with TauM \[CML294\] (4 m[m]{.smallcaps}) and TauC (2 m[m]{.smallcaps}) for 48 h at 37 °C, monitored by SDS‐PAGE. Lane 1: reaction at *t*=0; 2: reaction at 24 h; 3: reaction at 48 h; 4: purified Tau291‐441 \[CML294\]. Mass spectra show the ligation product before and after removal of the thiol‐protecting group Acm. B) Second ligation reaction between Tau291--441 \[CML294\] and TauN at 2 m[m]{.smallcaps} concentration each for 4 h at 37 °C, monitored by SDS‐PAGE. Lane 1: reaction at *t*=0; 2: reaction at 4 h; 3: purified Tau4 \[CML294\]; 4: recombinant Tau4. HPLC and mass spectrum of the purified ligation product Tau4 \[CML294\] are shown on the right. For analytical data of all four Tau4 variants, see Figures S8--11 in the Supporting Information.](ANIE-58-1616-g001){#anie201805238-fig-0001}

![Analysis of full length Tau4 variants. A) SDS‐PAGE of Tau proteins: Lane 1: recombinantly produced Tau4; 2: Semisynthetic Tau4; 3: Tau4 \[CML294\]; 4: Tau4 \[pS293\]; 5: Tau4 \[pS305\]; 6: TauN; 7: TauC. B) Aggregation behavior of Tau4 variants in ThT assays (error bars omitted for clarity---the same figure with error bars is shown in Figure S13 in the Supporting Information). C) Tubulin‐binding of Tau4 variants measured by turbidity at 340 nm. Protein concentration and homogeneity was checked by SDS‐PAGE prior to tubulin polymerization (Supporting Information, Figure S15). D) SEM images of semisynthetic Tau4 variants after ThT aggregation assays (scale bar: 200 nm).](ANIE-58-1616-g002){#anie201805238-fig-0002}

To ensure that unmodified, semisynthetic Tau4 behaves similar to recombinantly produced Tau4, the in vitro aggregation properties of both proteins were compared using a Thioflavin T (ThT)‐based fluorescence assay at 37 °C.[18](#anie201805238-bib-0018){ref-type="ref"} Six independent series of experiments at physiological Tau concentrations (2 μ[m]{.smallcaps}) with all samples measured in triplicate were combined.[19](#anie201805238-bib-0019){ref-type="ref"} No differences in the aggregation kinetics and maximum fluorescence of recombinant and semisynthetic Tau4 were found (Supporting Information, Figure S12). Phosphorylation at serine 293 or 305 induced different effects. Tau4 \[pS293\] aggregated slightly faster than unmodified Tau4 and reached maximum fluorescence after 3 h, whereas unmodified Tau4 reached the plateau after only 12 h (Figure [2](#anie201805238-fig-0002){ref-type="fig"} B). The overall fluorescence intensity for Tau4 \[pS293\] was reduced to approximately 40 % when compared to unmodified Tau4. HPLC analysis of Tau4 variants remaining in the supernatant of aggregation assays indicated that for Tau4 \[pS293\] approximately 30 % of the protein remained soluble (Supporting Information, Figure S16). Interestingly, Tau4 \[pS305\] exhibited a significantly slower onset of aggregation with a noticeable lag phase of 1.5 h. The reduction in maximum ThT fluorescence observed here could not be linked to remaining soluble Tau4 \[pS305\] by HPLC analysis (Figure [2](#anie201805238-fig-0002){ref-type="fig"} B). Therefore, this behavior might be induced by different binding of ThT to varying fibril structures and/or due the direct influence of PTMs on ThT. All aggregated samples were analyzed by electron microscopy, which confirmed that fibrillar structures were formed (Figure [2](#anie201805238-fig-0002){ref-type="fig"} D).

This impact of a single phosphorylation on the aggregation kinetics of a 441 aa protein can be explained by the proximity of pS305 to the aggregation‐prone hexapeptide motif ^306^VQIVYK^311^ implicated in the initial steps of Tau oligomerization.[20](#anie201805238-bib-0020){ref-type="ref"} The effect on overall aggregation is in line with previous reports that single phosphorylations at residues Ser214, 235, 262, or Thr231 can decrease the tendency of Tau to form aggregates. In contrast, CML294 exhibited similar aggregation kinetics as unmodified Tau4 (Figure [2](#anie201805238-fig-0002){ref-type="fig"} B). Taken together, these results suggest that converting a positively charged lysine side chain into a zwitterionic, carboxymethylated moiety within the putative β‐strand‐forming region of Tau4 (^290^KCGSKDNIKHVPGGGS^305^) less significantly affects Tau aggregation than introducing a single phosphorylation site at the highly conserved Ser293 and in close proximity to the crucial β‐strand region ^306^VQIVYK^311^. Given the role of Tau interactions with microtubules in neuronal cytoskeleton stability and neurodegeneration,[4b](#anie201805238-bib-0004b){ref-type="ref"}, [6a](#anie201805238-bib-0006a){ref-type="ref"} the effect of these (n)PTMs on Tau‐induced polymerization of tubulin was assessed in vitro. Again recombinant and semisynthetic Tau4 behaved identically as both induce the assembly of tubulin into microtubules (MTs; Supporting Information, Figure S14). Whereas pS293 or pS305 did not influence Tau‐mediated tubulin polymerization, CML294 considerably inhibited MT assembly (Figure [2](#anie201805238-fig-0002){ref-type="fig"} C). These findings suggest that single phosphorylations within the MTBR are not sufficient to disrupt Tau interactions with tubulin, which is consistent with previous studies that such a disruption is linked to hyperphosphorylation,[21](#anie201805238-bib-0021){ref-type="ref"} but a single CML can have a disruptive effect.

This finding is corroborated by a recent cryo‐electron microscopy structure of the Tau--MT interaction that specifically concentrates on the R1 and R2 repeats, in which K294 interacts with the acidic C‐terminal tail of tubulin.[22](#anie201805238-bib-0022){ref-type="ref"} Such an interaction would be severely impaired by a zwitterion such as CML294.

Overall, a new semisynthesis targeting the central repeat domains of the longest human Tau variant was established. Two recombinantly produced segments embrace a synthetic peptide that can carry different modifications. Three Tau4 variants with defined (n)PTMs were generated that are of special interest since the MTBR plays a critical role in regulating Tau aggregation and MT binding. Aggregation assays indicated that phosphorylation of Tau4 \[pS293\] and Tau \[pS305\] attenuates Tau fibril formation, as described for other phosphorylations.[23](#anie201805238-bib-0023){ref-type="ref"} At the same time, these Tau variants exhibited similar tubulin‐polymerization properties as unmodified Tau4. Finally, we show that carboxymethylation results in significant inhibition of MT formation but does not alter the aggregation properties of Tau4, suggesting that this modification, alone or in concert with other PTMs, may contribute to regulating the dynamics of Tau--MT interactions and potentially its physiological functions or dysfunction in tauopathies. This finding illustrates that so far underinvestigated nPTMs can induce significant physiological effects, as recently reported for the nPTM argpyrimidine,[24](#anie201805238-bib-0024){ref-type="ref"} and need to be studied in more detail to understand their implications for diseases, such as AD and other tauopathies.
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